ABSTRACT. The present studies were designed to examine the ontogeny of the CI--HC03-exchange process in the ileum of suckling (2 wk old), weanling (3 wk old), and adult (6 wk old) rats using well-validated brush border membrane vesicle techniques. The purity of the vesicle preparation was verified by demonstrating that the activity of brush border marker enzyme activity was enriched 30-fold compared to the cell homogenate. Glucose uptake experiments demonstrated an overshoot phenomenon under Na+ gradient conditions, but not in the absence of Na+. Chloride uptake varied inversely with the extravesicular osmolarity, demonstrating that transport was into an osmotically sensitive space. Membrane binding accounted for only 20% of total uptake. An inwardly-directed pH gradient (pH,,,/pHi,, = 5.217.5) produced overshoot C1-uptake in all age groups. The magnitude of overshoot was greatest in suckling rats and declined with advancing age. Addition of an outwardly-directed HC03-gradient yielded further stimulation of C1-uptake in suckling and weanling animals but could not be demonstrated in the adult. The majority of C1-uptake proceeded via an electroneutral exchange process. However, a conductive component was present, as demonstrated by enhancement of uptake when the vesicles were rendered positive inside by a K+ gradient and valinomycin, as compared with voltage clamp conditions. At 5 mM concentration, 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid, an inhibitor of anion exchange, inhibited C1-uptake by 62,44, and 33%, respectively in suckling, weanling, and adult rats. The initial rate of uptake was linear for 8 s. Kinetic studies at 5 s demonstrated a Km for 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid-sensitive C1-uptake of 21.4 + 10.7, 11.5 2 7.6, and 7.9 + 8.3 mM, and V,,, of 72.9 + 14.4, 19.5 f 3.7 and 4.5 2 1.1 nmol/mg proteinlmin in the suckling, weanling, and adult periods respectively (mean + SEM). These studies demonstrate for the first time the presence of a CI--HC03-exchanger in the suckling rat ileum, which declines in activity with advancing age. (Pediatu Res 25:189-193, 1989) Abbreviations DIDS, 4,4'-diisothiocyanostilbene-2,2'-disulfonc acid BBMV, brush border membrane vesicles Current evidence suggests that a major component of sodium and chloride absorption in the small intestine occurs via parallel Na'-H' and Cl--OH-(HC03-) exchange. These mechanisms have been demonstrated using BBMV techniques in the rat (1) and rabbit (2). This CI--HC03-exchange mechanism has been found to account for as much as 63-80% of total chloride transport, whereas the remainder appears to occur by a conductance pathway (I, 3). Previous work in our laboratory in rat ileal BBMV has demonstrated that the Na'-H+ exchanger undergoes maturational changes, with a greater than 4-fold increase in the V,,, from the suckling to the adult period, whereas the affinity of the exchanger remains unchanged (4). Because the parallel operation of Na'-H' exchange and Cl--HC03-exchange may have an important role in the regulation of intracellular pH, we postulated that similar maturational changes may occur for the Cl--HC03-exchange. These studies were undertaken to investigate the development of CI--HC03-exchange from the suckling period to the adult.
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MATERIALS AND METHODS

Preparation of BBMV.
Sprague-Dawley rats were obtained from Sasco Laboratories (Omaha, NE) at 14-15 days (suckling), 21-22 days (weanling), and 6 wk (adult) of age. BBMV were prepared fresh on the day of uptake experiments. The rats were killed by a blow to the head and by cervical dislocation. The distal 40% of the small intestine was removed and washed with ice-cold normal saline and then everted over a polyethylene rod. The BBMV were prepared from mucosa scraped from these segments using a modified divalent cation precipitation method originally described for kidney BBMV (5). Preparations were maintained at approximately 4°C at all times throughout the procedure. Mucosal scraping from 10-12 suckling rats, five to six weanling rats, and two to three adult rats were homogenized using a Waring Blender (Waring Products Div. Dynamics Corp. of America, New Hartford, CT) at maximum speed in 150 ml of 60 mM mannitol, 2.4 mM Tris-HC1 and 1 mM EGTA (pH 7.1) for 3 min. The homogenate was then treated with 1.5 ml of 1 M MgCL and allowed to stand for 15 min. It was then centrifuged in a Beckman (Beckman Instruments, Inc., Palo Alto, CA) 52-2 1 rotor at 5000 rpm for 15 min. The supernatant was then centrifuged at 15,000 rpm for 30 min. The resulting pellet was suspended in 30 ml of 60 mM mannitol, 5 mM EGTA, and 12 mM Tris-HC1 (pH 7.1) and homogenized in a Potter-Elvehjem apparatus (Fischer Scientific, Pittsburgh, PA) for 10 strokes at highest speed. The homogenate was treated with 0.3 ml of 1 M MgC12 for 15 min before centrifugation at 5000 rpm for 15 min. The supernatant was then centrifuged at 15,000 rpm for 30 min. The pellet was suspended in 30 ml of the desired preincubation buffer and centrifuged at 20,000 rpm for 30 min. The pellet was resuspended in a desired volume of preincubation buffer (as described in the legends) with a syringe and a 25-gauge needle.
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Purity of membrane vesicle preparation. Purity of the membrane vesicles was assessed by the measurement of leucine aminopeptidase activity using a Sigma kit (no. 25 1). Protein was measured by the method of Lowry et al. (6) , using BSA as a standard.
Transport measurements. Uptake of radiolabeled 36Cl by brush border membrane vesicles was measured by the rapid filtration technique (7). Vesicles were preincubated for 2 h at room temperature and gassed with either 95% N2/5% COz or 100% Nz, depending on whether uptake was with or without HC03-. Transport was initiated by adding 20 p1 of vesicles to 80 p1 of incubation medium at room temperature. Intravesicular and extravesicular osmolarity was maintained the same, except when specifically studying the effect of osmolarity on uptake. At the desired time interval, uptake was stopped by the addition of 2 ml of ice-cold stop solution containing 150 mM K gluconate, 8 mM Tris, and 18 mM HEPES (pH 7.5). The stop solution containing the vesicles was immediately pipetted onto the middle of a prewetted nitrocellulose filter (0.45-mm pore size, Sartorius Filters Inc., Hayward, CA) and kept under suction. The filter was then immediately washed with 5 ml of ice-cold stop solution and then dissolved in Beckman Ready Protein+ liquid scintillation cocktail. The radioactivity remaining on the filters was counted with standard liquid scintillation techniques. All measurements were performed in triplicate, and each experiment was repeated at least 3 times with freshly prepared membranes. Absolute solute uptake was expressed as nmol/mg of protein.
Calculations and statistical analysis. Kinetics curves were fitted by computer program (Enzfitter, Robin J. Leatherbarrow, Elsevier-Biosoft) and the determination of the kinetic parameters was by the method of Vaughn et al. (8) . Statistical significance was determined using Student's paired t test.
RESULTS
Validation Studies. Marker enzyme studies. Leucine amino-
peptidase activity was enriched 30-to 34-fold in the BBMV compared to the initial crude homogenate. It has been previously demonstrated that BBMV prepared by this method are depleted in the basolateral marker Na'-K+ ATPase, the mitochondria1 marker cytochrome oxidase, and the endoplasmic reticulum marker NADH-cytochrome c reductase (9, 10) .
Glucose transport studies. To verify that the vesicles were functional, glucose uptake was measured in the presence of a 100 mM inwardly-directed Na+ gradient, and compared to uptake in the presence of an equivalent K+ gradient.
In the presence of the Na' gradient, glucose uptake proceeded to a peak of 0.270 nmol/mg protein at 20 s, which represented a 2.2-fold overshoot of its equilibrium value of 0.123 nmol/mg protein. In contrast, uptake under the K' gradient condition proceeded gradually to equilibrium, without an overshoot. This demonstrates that the vesicles are capable of concentrative uptake of D-glucose in the presence of a Na+ gradient, indicating their functional integrity.
Effect of extravesicular osmolarity on chloride uptake. To determine how much of the measured uptake represented transport into an intravesicular space, rather than mere nonspecific membrane binding, the intravesicular space was decreased by increasing the extravesicular osmolarity with mannitol. Chloride uptake was measured in BBMV of adult rats at equilibrium in extravesicular osmolarity varying from 250 to 670 mosmol. As shown in Figure 1 , chloride uptake varies inversely with extravesicular osmolarity. By extrapolating the line to the y-intercept, uptake at the hypothetical limit of infinite osmolarity, or 0 intravesicular space, is shown to be -20% of the value for uptake at our experimental conditions (325 mosmol). In other words, -80% of total uptake represents transport into an osmotically sensitive space.
Driving Forces for Chloride Uptake. The CI--HC03-(OH-)
exchange model would predict stimulation of C1-uptake by an inwardly-directed pH gradient (equivalent to an outwardly directed OH-gradient) and by an outwardly-directed HC03-gradient. Figure 2 shows the results of such experiments in the suckling rat. In the absence of both pH and HC03-gradients, C1-uptake proceeds gradually towards equilibrium without an overshoot, driven by the C1-concentration gradient alone. The addition of an outwardly-directed HC03-gradient yielded some stimulation of C1-uptake. The presence of a pH gradient produced marked enhancement of overshoot uptake. Additional stimulation occurred in the presence of both pH and HC03-gradients, indicating preferential operation of a CI--HCO3-exchange mechanism. The data for the weanling rat show the same pattern (Fig. 3) , although the magnitude of the peak overshoot is -40% that seen in the suckling animal.
In the adult rat, an important difference was noted (Fig. 4) . The addition of an outwardly directed bicarbonate gradient did not stimulate C1-uptake compared to the no gradient condition. Uptake was enhanced in the presence of an inwardly directed pH gradient, but here again, the addition of a bicarbonate gradient to the pH gradient yielded no further stimulation. This indicates that, although Cl--OH-exchange is still operational in the adult animal, there is no evidence for preferential CI--HC03-exchange.
Effect of Membrane Potential on Chloride Uptake. The effect of an ionophore-induced membrane potential on chloride uptake was examined in the suckling and adult rats. An inside positive membrane potential was induced by preparing vesicles in a K' -free preincubation solution. Uptake was then measured in the presence of extravesicular valinomycin and 100 mM K+, which allowed the electrogenic movement of K+ down its concentration gradient. Uptake in the absence of any membrane potential (voltage-clamp condition) was determined by measuring transport in the presence of valinomycin and with equal concentrations of K+ present on both sides of the vesicle. As shown in Figure 5 , in the suckling rat, there was slight stimulation of C1-uptake under the inside-positive condition compared to the voltage-clamp condition, indicating that some fraction of C1-uptake is via an electrogenic process. Similar experiments in adult rats failed to demonstrate any difference between insidepositive and voltage-clamp uptake.
Initial Rate of Uptake. For the assumptions of MichaelisMenten kinetic analysis to apply, the rate of uptake must be constant. For this reason, the initial rate of Cl-uptake was determined at short time intervals, as shown in Figure 6 . Chloride uptake was linear for 8 s, after which time, the rate of uptake falls away from its initial rate. In all subsequent kinetics experiments, uptake was measured at 5 s, as this time point falls well within the linear portion of C1-uptake and yet is the earliest time point which can be reliably determined using manual technique.
Effect of Anion Exchange Inhibitors on Chloride Uptake. The disulfonic stilbene DIDS is a recognized inhibitor of anion exchange ( 1 1, 12) . As shown in Figure 7 , to determine the relative role of C1--HC03-exchange in total C1-transport, C1-uptake was measured in the presence and absence of 5 mM DIDS in suckling, weanling, and adult animals. The difference between the two, or the DIDS-sensitive component, represents the C1--HC03-exchange portion of total Cl-uptake. In the adult rat, DIDS resulted in a 33% inhibition of C1-uptake. In the weanling animal, total uptake was greater, as previously demonstrated, Time (sec) Fig. 6 . Initial rate of C1-uptake. Uptake of 10 mM C1-was deter-. mined in the presence of pH and HCO3-gradients using the same preincubation and uptake solutions as in Figure 2 . 192 RIEDEL AN1 3 GHISHAN and the DIDS-sensitive fraction was larger at 44%. In the suckling period, total uptake was still greater, and the DIDS-sensitive component accounted for the majority, or 62%, of total uptake.
Kinetics of Chloride Bicarbonate Exchange. The kinetics of CI--HCO3-exchange in each age group were examined by measuring the initial rate of total C1-uptake in the presence of both pH and bicarbonate gradients, as a function of extravesicular C1-concentration. Similar measurements were made in the presence of 5 mM DIDS. Figure 8 represents the difference between the two measurements as a function of extravesicular C1-concentration. At each age, DIDS-sensitive C1-uptake was a saturable process. Computer-assisted analysis of the data resulted in estimates of the Km and V, , , shown in Table 1 . The V, , , declined with advancing age, whereas there was a trend toward decreasing Km. Thus, C1--HC03-exchange occurs via a mechanism which undergoes a significant decrease in capacity and a less marked increase in affinity with maturation. Chloride concentration (mM) Fig. 8 . Kinetics of CI--HCO,-exchange. Uptake was determined at 5 s in the presence of pH (5.2,,,/7.5in) and HC0,-gradients, as in Figure  2 . At each C1-concentration, uptake was measured in the presence and absence of 5 mM DIDS, as in Figure 7 . The DIDS-sensitive component of C1-uptake, represented by the difference between the two measurements, is plotted here. 
DISCUSSION
These studies demonstrate that BBMV are a valid system in which to examine the maturation of C1-transport. Previous studies have demonstrated that BBMV can be prepared from rats during maturation and that the vesicles undergo comparable enrichment in brush border marker enzymes at all ages (9, 10). Furthermore, the inverse relationship between uptake and medium osmolarity holds at all ages, indicating that measured uptake is actually transport into the intravesicular space.
C1--HC03-exchange and Cl--OH-exchange have been previously demonstrated in the small intestine of adult mammals (1, 2). The jejunum is known to absorb HCO3-by a Na+-dependent process that is most likely due to Na+/H' exchange, whereas the duodenum, ileum, and colon secrete HCO3-by (21-1 HC03-exchange mechanism. However, until this time, nothing has been known concerning the maturation of this transport mechanism in the developing animal. A more than 4-fold increase in the V, , , for Na+-H+ exchange from the suckling to the adolescent period has been shown to occur in rats, and so it is reasonable to postulate that analogous maturational changes might apply to the Cl--HC03-exchanger. These studies show that CI--HC03-exchange is already operative in the suckling age and that the capacity of this mechanism declines significantly with advancing age, as evidenced by the decreasing V,,,. By contrast, the affinity of the Cl--HC03-exchanger appears to increase with age, although the magnitude of the change in Km is less impressive than for the V,,,. The estimates of Km and V,,, in the current study compare favorably with those of Knickelbein et al. and Liedtke et al. (1) .
It is interesting that the direction of the observed maturation in Cl--HC03-exchange is the opposite of that seen with Na+-H+ exchange, i.e. CI--HC03-exchange diminishes in capacity whereas Naf-H+ exchange increases in capacity with advancing age. Because Cl--HC03-exchange can be thought of as an acid load to the enterocyte and Na+-Hf exchange as the ability to eliminate acid, the combined effect of these maturational changes would be to increase the capacity of the enterocyte to tolerate an acid load. Given the central role of intracellular pH in a number of cellular processes, including cell growth, one might speculate that the changes in these exchange processes may be involved in regulation of cell growth.
Conductive C1-uptake is a second major pathway for C1-transport in the enterocyte brush-border membrane, and it has been shown that this pathway is insensitive to the anion exchange inhibitor DIDS (2). Our studies were able to demonstrate that conductive C1-uptake is present in the suckling rat intestine, as demonstrated by the enhancement of uptake in the presence of an inside-positive membrane potential compared to the voltage clamp condition. We were unable to detect conductive C1-uptake in the adult rat by similar methods, in contrast to previous studies (2) . However, the inhibition experiments showed that inhibition was incomplete in all age groups, ranging from 62% in the suckling to 32% in the adult period. Presumably, most of the residual C1-uptake in the presence of DIDS represents a conductive mechanism.
The present studies demonstrate for the first time that C1--HC03-exchange is a quantitatively important mechanism of C1-transport in the suckling rat ileum, and that the capacity of this exchanger diminishes with maturation.
